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HIGHLIGHTS 


•  Formation  of  Li2Mn03  was  investigated  by  in  situ  high-energy  X-ray  diffraction  and  in  situ  X-ray  absorption  spectroscopy. 

•  An  intermediate  phase  (Mn02)  was  captured  by  combing  X-ray  absorption  spectroscopy  and  factor  analysis  techniques. 

•  Crystallization  of  Li2Mn03  during  sintering  above  600  °C  is  anisotropic. 
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Both  in  situ  high-energy  X-ray  diffraction  and  in  situ  X-ray  absorption  spectroscopy  were  used  to 
investigate  the  structural  evolution  of  materials  during  the  solid-state  synthesis  of  Li2Mn03.  Combing  X- 
ray  absorption  spectroscopy  and  factor  analysis  techniques,  we  were  able  to  capture  the  spectrum  and 
evolution  of  an  intermediate  phase  (Mn02)  that  could  not  be  detected  by  the  diffraction  technique. 
Meanwhile,  the  X-ray  diffraction  data  clearly  showed  the  anisotropic  crystallization  of  Li2MnC>3  during 
sintering  above  600  °C. 
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1.  Introduction 

Lithium  cobalt  oxide  (LiCo02)  has  been  the  dominant  cathode 
material  since  its  introduction  in  the  first  commercial  lithium-ion 
cells  in  the  early  1990s,  which  were  used  to  power  consumer 
electronics.  Modern  portable  electronics  and  emerging  technolo¬ 
gies  for  electric  vehicle  (EV)  applications  have  substantially  raised 
expectations  with  regard  to  energy  density,  cost,  safety,  and  life  of 
available  lithium-ion  chemistries.  To  maintain  structural  integrity 
and  good  electrochemical  performance,  Li  i  xCo02  can  only 
reversibly  utilize  50%  of  its  lithium  inventory  (e.g.,  0  <  x  <  0.5)  [1,2], 
As  repeatedly  demonstrated  in  the  open  literature,  the  degree  of 
lithium  utilization  can  be  significantly  improved  by  replacing  Co 
with  other  elements  like  Ni,  Mn,  and  Li  [3—9],  In  particular,  a  high 
lithium  utilization  (close  to  x  =  1)  was  achieved  for  lithium-and- 
manganese-rich,  nickel  manganese  cobalt  oxides  (LMR-NMC) 
while  maintaining  a  good  capacity  retention  [7,8],  In  general,  the 
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compositions  of  lithium  transition  metal  oxides  (LiTM02,  TM  =  Ni, 
Mn,  and  Co)  can  be  tuned  such  that  Mn  takes  on  an  average  4+ 
oxidation  state;  this  portion  of  Mn  doesn’t  change  its  valence  state 
during  the  normal  charge/discharge  operations  of  lithium-ion  cells 
and,  hence,  improves  the  structural  stability  of  cathode  materials  at 
higher  degrees  of  lithium  utilization.  In  LMR-NMC,  excess  Li  and 
tetravalent  Mn  have  a  tendency  to  segregate  and  charge  order  into 
a  honeycomb  (V3  x  V3  superstructure)  in  the  TM  plane  of  the 
parent  layered  structure  [10—14],  The  resulted  cation  configuration 
can  be  regarded  as  an  integrated  structure  containing  both 
Li2MnC>3-  and  LiTM02-like  regions  within  the  common  close- 
packed  oxygen  lattice  [7,9,13—15].  It  is  the  presence  of  the  elec- 
trochemically  active  Li2Mn03  component  that  leads  to  the  high 
reversible  capacity  of  LMR-NMC  9[.  However,  the  lack  of  under¬ 
standing  on  the  structure  and  the  origin  of  the  electrochemical 
activity  of  the  Li2MnC>3  component  represents  a  barrier  that  hin¬ 
ders  the  development  of  reliable  LMR-NMC  materials  with  high 
energy  density  for  commercial  applications  [16,17],  Likewise, 
charge  compensation  mechanisms  at  play  in  a  simpler,  pure 
Li2MnC>3  system  are  not  yet  understood. 
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The  unresolved  issues  for  pure  Li2Mn03  are  the  lack  of  knowl¬ 
edge  of  (1)  the  charge  compensation  mechanisms  related  to  elec¬ 
trochemical  lithium  extraction/insertion  and  (2)  the  complicated 
crystal  structure  and  defects  in  Li2Mn03.  Numerous  research 
groups  have  reported  Li2Mn03  to  be  a  promising  cathode  material 
for  lithium-ion  batteries  that  can  deliver  an  initial  charge  capacity 
of  more  than  250  mAh  g-1  [18—25],  However,  the  charge 
compensation  mechanism  that  enables  the  extraction  of  lithium 
from  Li2Mn03  is  still  under  intense  debate.  During  the  initial  charge 
of  Li2Mn03,  there  are  four  possible  charge  compensation  mecha¬ 
nisms  to  balance  the  loss  of  lithium:  (1)  oxidation  of  manganese  to 
form  Mn0+(5  >  4),  [26]  (2)  evolution  of  oxygen  (02),  [27,28]  (3) 
partial  oxidation  of  O2-  to  CT,  [18,29,30]  and  (4)  the  ion  exchange 
between  Li+  and  H+  [31,32],  The  mechanism  of  oxidizing  Mn4+  is 
the  least  attractive  because  it  is  generally  believed  hard  to  oxidize 
Mn  beyond  4+  in  an  octahedral  oxygen  environment,  [31]  and  the 
conversion  of  Mn4+  to  Mn0+(<5  >  4)  has  yet  to  be  experimentally 
validated  [33],  On  the  other  hand,  the  hypothesis  of  oxygen  evo¬ 
lution  or  ion  exchange  can  explain  the  initial  charge  capacity  of 
Li2Mn03,  but  encounters  difficulty  in  accounting  for  the  reversible 
charge/discharge  capacity  after  the  initial  electrochemical  activa¬ 
tion.  A  prevailing  hypothesis  is  that  all  four  mechanisms  contribute 
partially  to  the  electrochemical  activity  of  Li2Mn03,  with  a  domi¬ 
nant  contribution  from  the  partial  oxidation  of  O2-  into  CT,  which 
allows  for  both  the  extraction  and  the  back-insertion  of  lithium. 
Another  difficulty  for  these  charge  compensation  mechanisms  is 
the  strong  kinetic  dependence  of  the  electrochemical  activity  on 
the  size,  crystallinity,  and  dopant  in  the  defect-rich  Li2Mn03 
[21,23—25,34—38].  It  is  believed  that  these  charge-compensation 
mechanisms  must  be  associated  with  a  specific  type  of  structural 
defect  in  Li2Mn03  to  enable  reversible  extraction  and  insertion  of 
lithium.  In  this  work,  both  in  situ  high-energy  X-ray  diffraction 
(HEXRD)  and  in  situ  X-ray  absorption  near  edge  spectroscopy 
(XANES)  were  applied  to  investigate  the  structure  and  defect  evo¬ 
lution  during  the  solid-state  synthesis  of  Li2Mn03. 

2.  Experimental 

2.3.  Solid-state  synthesis  ofL^MnOj 

MnCC>3  (Aldrich)  and  Li2CC>3  (Aldrich)  with  a  molar  ratio  of 
1:1.05  were  mechanically  mixed  for  24  h.  Separate  batches  of  the 
mixed  powder  were  then  annealed,  in  air,  at  temperatures  of  450— 
950  °C  with  a  constant  heating  rate  of  5  °C  min-1.  The  samples  were 
then  annealed  at  specific  temperatures,  as  noted  in  the  text,  for  10  h 
before  being  naturally  cooled  to  room  temperature  (RT). 

2.2.  High  resolution  X-ray  diffraction  (HRXRD) 

The  HRXRD  patterns  of  Li2Mn03  samples  synthesized  at  various 
temperatures  were  collected  at  sector  11 -BM  of  the  Advanced 
Photon  Source  (APS)  at  Argonne  National  Laboratory.  The  wave¬ 
length  of  the  X-ray  beam  used  was  0.413326  A.  The  diffraction 
peaks  of  Li2Mn03  were  indexed  in  both  C2/m  space  and  R-3m  space 
in  this  work.  Therefore,  the  notation  for  indexing  will  be  (/iM)r  for 
indexing  in  R-3m  space  and  ( hkl)c  for  indexing  in  C2/m  space. 


11  -ID-C  of  the  APS.  The  wavelength  of  the  X-ray  beam  was  pre-fixed 
at  0.10804  A.  During  the  in  situ  solid-state  synthesis,  a  2D  X-ray 
detector  was  deployed  to  collect  the  XRD  patterns  at  a  rate  of  one 
spectrum  per  minute.  The  details  of  the  experimental  setup  can  be 
found  in  our  previous  report  [39]. 

2.4.  In  situ  XANES 

A  similar  solid-state  synthesis  setup  was  also  used  for  in  situ 
XANES  experiments,  except  that  the  thickness  of  the  pellet  was 
reduced  to  about  0.1  mm  for  full  penetration  of  the  incident  X-ray 
beam  through  the  sample.  In  situ  XANES  experiments  were  per¬ 
formed  at  the  K-edge  of  Mn  (in  the  range  of  6387—6780  eV)  to 
monitor  the  change  of  the  chemical  environment  of  Mn  during  the 
formation  of  Li2MnC>3  from  MnCC>3  and  Li2CC>3.  XANES  spectra  were 
recorded  in  situ  every  125  s  in  a  transmission  mode  at  beamline  20- 
BM  of  APS  using  a  Si  (111)  monochromator.  Energy  calibration  of 
each  spectrum  was  performed  by  aligning  the  first  derivative 
maximum  of  a  reference  Mn  XANES  spectrum,  spectrum  collected 
simultaneously  from  a  Mn  metal  foil  in  the  reference  channel,  to 
the  literature  value  of  6537.67  eV. 

2.5.  Factor  analysis 

Factor  analysis  techniques  were  applied  to  analyze  the  evolution 
of  Mn  XANES  spectra  during  the  solid-state  synthesis  of  Li2Mn03. 
The  mathematical  processing  of  the  in  situ  XANES  data  consisted  of 
three  steps:  (1)  principal  factor  analysis  (PCA),  (2)  evolving  factor 
analysis  (EFA),  and  (3)  target  transfer  factor  analysis  (TTFA)  [40], 

The  in  situ  XANES  data  were  first  assembled  into  a  data  matrix  D. 
Each  column  of  the  matrix  D  represents  the  absorbance  of  X-rays  at 
different  wavelengths  (or  photon  energy)  of  the  incident  X-ray 
beam,  while  each  row  represents  an  absorption  spectrum  at  a  fixed 
temperature  (or  experimental  time).  For  the  dataset  in  this  work,  D 
was  a  206  x  167  matrix.  In  the  process  of  PCA,  a  singular  vector 
decomposition  (SVD)  algorithm  was  applied  to  decompose  the 
matrix  D  into  three  independent  matrices  where  U  and  V  are 
orthogonal  matrices  representing  the  abstract  concentration  pro¬ 
files  and  spectra,  respectively.  The  superscript  T  indicates  the 
transpose  matrix  and  S  is  a  diagonal  matrix.  Each  eigenvalue  Su 
represents  the  statistical  weight  of  (or  information  contributed  by) 
the  i-th  abstract  spectrum  (eigenvector)  of  the  decomposition. 

[D]  =  [U][S][V]J  (1) 

Then,  a  mathematical  indicator,  cumulative  percent  variance 
(CPV),  [41]  is  calculated  by  using  Equation  (2),  which  determines 
the  number  of  independent  eigenvectors  (i.e.,  the  number  of 
distinguishable  chemical  species  present,  k )  necessary  to  describe 
the  changes  in  Mn  XANES  spectra  during  the  solid-state  synthesis 
of  Li2Mn03. 


CPV(fc) 
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2.3.  In  situ  HEXRD 

The  powder  mixture  of  MnC03  and  Li2C03  was  compressed  into 
a  pellet  of  about  2  mm  in  thickness.  The  pellet  was  then  placed  in  a 
programmable  furnace  (Linkam  TS  1500)  vertically  with  the  X-ray 
beam  aiming  at  the  center  of  the  pellet.  The  sample  was  then 
heated  from  RT  to  1000  °C  with  a  constant  heating  rate  of 
1  °C  min-1.  The  in  situ  HEXRD  experiment  was  carried  out  at  sector 


In  Equation  (2),  N  (=167)  is  the  number  of  spectra  in  the  dataset 
and,  by  convention,  the  eigenvalues  Su  are  ordered  from  greatest  to 
lowest. 

In  this  step,  the  number  of  independent  eigenvectors  (k)  can 
potentially  be  mathematically  reduced  for  the  following  reasons: 
(1)  indistinguishable  concentration  profiles  when  two  or  more 
chemical  species  have  a  fixed  concentration  ratio  throughout  the 
whole  course  of  the  experiment,  and  (2)  indistinguishable  spectra 
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when  two  or  more  chemical  species  have  close  or  identical  ab¬ 
sorption  spectra.  The  resulting  first  four  CPV(k)  values  are:  77.2%, 
97.1%,  99.0%,  and  99.3%.  Therefore,  three  eigenvectors  (abstract 
profiles)  are  enough  to  account  for  99%  of  the  variance  in  the 
experimental  profiles,  while  adding  a  fourth  eigenvector  to  the 
basis  set  provides  only  a  marginal  improvement  of  the  description. 
Next,  a  new  data  matrix  was  then  constructed  using  only  the  first 
three  pairs  of  eigenvalues  and  eigenvectors: 

m  =  [u'][s'ni"]T  (3) 

EFA  was  performed  to  estimate  the  concentration  profiles  of 
each  distinguishable  chemical  species  during  the  experiment.  The 
data  matrix  D  was  arbitrarily  divided  into  two  sub-matrices  Dtop 
and  £)bottom;  £)t0P  represents  the  upper  part  of  the  matrix,  and 
£jbottom  represents  the  remaining  matrix  below  the  division  point. 
The  SVD  algorithm  was  applied  to  both  Dtop  and  £)bottom  to  obtain 
the  first  three  major  eigenvalues  for  each  sub-matrix.  The  evolving 
eigenvalues  for  the  top  and  bottom  matrices  are  shown  in  Fig.  la 
and  b,  respectively.  When  pairing  the  1st  set  of  eigenvalues  for  the 
top  matrices  (black  squares  in  Fig.  la)  and  the  3rd  set  of  eigenvalues 
for  the  bottom  matrices  (blue  triangles  in  Fig.  lb),  the  minimum  of 
these  two  sets  of  eigenvalues  gives  the  initial  estimate  of  the  ab¬ 
stract  concentration  profile  of  the  first  chemical  species  (MnC03  for 
this  study)  (see  Fig.  lc).  The  initial  estimate  of  the  concentration 
profile  for  the  second  chemical  species  can  be  obtained  by  pairing 
the  2nd  set  of  eigenvalues  of  the  top  matrices  with  the  2nd  set  of 
eigenvalues  of  the  bottom  matrices.  The  initial  estimate  for  the 
third  chemical  species  can  be  obtained  by  pairing  the  3rd  set  of 
eigenvalues  of  the  top  matrices  with  the  1st  set  of  eigenvalues  of 
the  bottom  matrices. 

Finally,  TTFA  was  applied  to  obtain  the  nominal  concentration 
profiles  of  the  distinguishable  chemical  species,  as  shown  in 
Equation  (4). 

C  =  U'U'TCest  (4) 


Fig.  1.  Evolution  of  principal  eigenvalues  for  (a)  top  matrix  and  (b)  bottom  matrix  as 
functions  of  the  dividing  position  and  (c)  projected  concentration  profiles  of  three 
distinguishable  chemical  species  using  EFA. 


where  C  is  the  nominal  concentration  profiles  without  normaliza¬ 
tion  for  the  distinguishable  chemical  species,  U  is  the  orthogonal 
eigenvectors  obtained  from  the  PCA  process,  and  Cest  is  the  initial 
estimate  of  the  concentration  profiles  obtained  from  EFA.  Then,  the 
nominal  absorption  spectra  profiles  (S)  for  each  species  can  be 
obtained  from  Equation  (5). 

S=[cTCy'cTD'  (5) 


3.  Results  and  discussion 

3.2.  In  situ  HEXRD 

Fig.  2  shows  the  evolution  of  HEXRD  patterns  during  the  solid- 
state  synthesis  of  Li2Mn03  with  a  constant  heating  rate  of 
1  °C  min-1.  The  peak  positions  of  the  characteristic  reflections  of 
MnC03  and  U2CO3  are  labeled  on  the  bottom  of  Fig.  2.  No  phase 
changes  were  observed  at  temperatures  below  369  °C,  above  which 
a  new  set  of  reflections  corresponding  to  Li2MnC>3  appeared  and 
their  intensity  increased  with  the  heating  temperature.  The 
reflection  peaks  for  MnC03,  one  of  the  raw  materials,  did  not  vanish 
until  469  °C,  while  reflections  from  U2CO3  were  visible  up  to  729  °C. 
Since  the  structure  and  defect  evolution  of  Li2Mn03  were  the  focus 
of  this  work,  both  qualitative  analysis  and  Rietveld  refinement  were 
carried  out  to  obtain  more  information  from  HEXRD  patterns  above 
600  °C. 

Fig.  3  shows  a  comparison  of  experimental  (a)  HRXRD  and  (b) 
HEXRD  profiles  and  calculated  XRD  profiles  from  both  (c)  C2/m  and 
(d)  R-3m  structures.  The  HEXRD  pattern  was  obtained  during  the  in 
situ  experiment  when  the  sample  was  heated  to  1000  °C,  while  the 
HRXRD  pattern  was  collected  at  RT  for  Li2Mn03  synthesized  at 
850  °C.  The  model  patterns  were  calculated  based  on  the  experi¬ 
mental  cell  parameters  determined  from  the  in  situ  HEXRD  pattern 
at  1000  °C.  Therefore,  the  peaks  in  the  HRXRD  pattern  are  slightly 
shifted  toward  bigger  1/d  values  due  to  the  difference  of  the 
experimental  temperature. 

Highlighted  with  a  dashed  rectangle  in  Fig.  3  are  the  charac¬ 
teristic  peaks  of  L^MnCH  revealing  Li  and  Mn  ordering  in  the  TM 
layers;  included  are  the  (020)c,  (110)c,  and  ( — 111  )c  peaks  based  on 
the  monoclinic  C2/m  model,  which  are  forbidden  in  the  trigonal  R- 
3m  model.  However,  higher  order  super  reflection  peaks  (e.g., 
(221  )c,  (643 )c,  (— 243)c,  (152 )c,  (223)c,  (-432)c,  and  (-172 )c  were 
absent  from  both  the  in  situ  HEXRD  pattern  and  the  ex  situ  HRXRD 
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Fig.  2.  Evolution  of  HEXRD  profiles  during  solid-state  synthesis  of  Li2Mn03. 
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Fig.  3.  A  comparison  of  experimental  XRD  profiles  and  calculated  XRD  profiles  for 
Li2Mn03,  indicating  a  short-range  ordering  in  Li2Mn03. 


pattern,  indicating  that  the  absence  of  these  peaks  was  not  caused 
by  insufficient  annealing  time,  but  originated  from  defects  in  Li— 
Mn  ordering. 

Excluding  the  monoclinic  superreflections  and  using  an  R-3m 
structure  model  improves  the  quality  of  the  Rietveld  refinement  of 
the  data.  Fig.  4a  shows  an  example  of  such  refinement  of  an  HEXRD 
pattern  acquired  at  1000  °C.  The  same  approach  was  applied  for 
Rietveld  refinement  of  all  the  HEXRD  patterns  collected  within  the 
temperature  range  between  600  °C  and  1000  °C.  As  the  tempera¬ 
ture  increases,  Fig.  4b  shows  that  the  c  value  of  the  unit  cell 
increased  linearly  with  the  a  or  b,  value.  For  the  HEXRD  patterns 


shown  in  Fig.  4a,  the  (003)R  peak  stems  from  cation  segregation 
into  pure  Li  and  Lii/3Mn2/3  cation  sheets  perpendicular  to  the  c-axis, 
while  the  superreflections  are  due  to  the  Li— Mn  ordering  within 
the  Lii/3Mn2/3  sheets.  When  the  temperature  was  below  930  °C,  the 
area  of  the  (003  )R  peak  increased  linearly  with  the  peak  area  inside 
the  fingerprint  area  (see  Fig.  4c).  A  change  on  the  trend  was 
observed  when  the  temperature  was  above  930  °C;  the  growing 
rate  of  (003 )R  peak  area  was  slower  than  that  of  the  fingerprint 
area.  The  physical  meaning  of  this  transition  point  is  not  clear  to  us 
at  the  current  state.  It  could  correlate  to  the  formation  of  spinel-like 
structures,  as  previously  reported  by  Delmas  et  al.  [38],  A  second 
possibility  is  the  decrease  of  the  twin  boundary  on  c  axis.  Structural 
modeling  to  investigate  the  impact  of  the  Lii/3Mn2/3  stacking 
sequence  on  the  peak  intensity  is  undergoing,  and  the  results  will 
be  reported  later.  In  addition,  the  heating  process  can  lead  to  the 
increased  crystallinity  of  L^MnC^.  Fig.  4d  plots  the  full  width  at  half 
maximum  (FWHM)  of  the  (003  )R  peak  as  a  function  of  the  FWHM  of 
the  (110)R  peak.  The  figure  shows  that  the  FWHMs  of  both  the 
(003)r  and  the  (110)R  peaks  decrease  steadily  with  the  heating 
temperature,  suggesting  increased  crystallinity.  When  the  tem¬ 
perature  was  beyond  790  °C,  the  FWHM  of  the  (003  )R  peak 
decreased  faster  than  that  of  the  (110)R  peak,  indicating  a  preferred 
crystallization  along  the  c-axis  that  reduced  the  stacking  faults  or 
the  micro-strain  in  that  direction. 

3.2.  Ex  situ  HRXRD 

To  validate  the  structure/defect  evolution  of  LhMnOs  at  an 
equilibrium  state,  Li2Mn03  powders  were  prepared  by  annealing 
the  MnC03/Li2CC>3  mixtures  at  temperatures  ranging  from  450  °C  to 
850  °C.  Fig.  5  shows  the  normalized  HRXRD  patterns  for  Li2Mn03 
powders  synthesized  at  different  temperatures;  all  the  XRD 
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Fig.  4.  (a)  A  typical  fit  of  in  situ  HEXRD  patterns  (at  1000  °C)  using  a  R-3m  model,  (b)  evolution  of  cell  parameters  as  functions  of  heating  temperature,  (c)  a  plot  of  the  (003 )R  peak 
area  versus  the  integrate  fingerprint  area  between  1.38°  and  1.95°,  and  (d)  evolution  of  the  FWHM  of  the  (003 )R  and  (110)R  peaks. 
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Fig.  5.  Normalized  HRXRD  patterns  for  Li2Mn03  powders  synthesized  at  different 
temperatures. 


patterns  were  normalized  to  the  intensity  of  the  (003  )r  peak  (or  the 
(001  )c  peak  in  the  C2/m  space)  to  clearly  show  the  change  of  the 
peak  width.  It  is  clear  that  Li2MnC>3  synthesized  at  low  temperature 
has  poor  crystallinity,  where  the  HRXRD  pattern  features  broad¬ 
ened  peaks.  As  the  annealing  temperature  increased,  the  diffraction 
peaks  became  sharper.  Similar  to  what  is  shown  in  Fig.  3,  the  super 
reflection  peaks  for  the  C2/m  structure  at  high  angles  were  not 
observed  for  any  of  the  samples.  By  excluding  the  data  in  the 
fingerprint  area,  we  were  able  to  fit  all  the  HRXRD  data  with  an  R- 
3m  model  in  which  the  TM  layer  is  randomly  occupied  with  1/3  Li 
and  2/3  Mn  (see  Fig.  6  for  a  typical  fitting).  This  suggests  that  de¬ 
fects  in  the  ab  plane,  possibly  the  inter-exchange  between  Li  and 
Mn,  still  existed  for  well-annealed  samples. 

3.3.  InsituXANES 

Fig.  7  shows  the  evolution  of  Mn  K-edge  XANES  data  during  the 
solid-state  synthesis  of  Li2MnC>3.  At  the  beginning  of  the  experi¬ 
ment,  X-ray  absorption  can  be  attributed  to  MnCC>3,  one  of  the 
starting  materials.  No  clear  change  of  either  the  shape  or  the  in¬ 
tensity  of  the  absorption  spectra  was  observed  during  the  initial 
heating  process  up  to  290  °C,  after  which  the  major  absorption  peak 
shifted  from  6549  eV  to  6560  eV,  consistent  with  oxidation  of  Mn. 
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Fig.  6.  A  typical  fit  of  ex  situ  HRXRD  patterns  for  U2M11O3  synthesized  at  550  °C  using 
an  R-3m  model. 
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Fig.  7.  Evolution  of  XANES  profiles  during  the  solid-state  synthesis  of  Li2Mn03. 


Above  ~570  °C,  the  absorption  peak  shifted  back  to  6558  eV, 
indicating  a  further  change  in  oxidation  state  and/or  coordination 
of  Mn  within  the  temperature  range  of  376  °C— 571  °C.  This 
observation  indicates  the  presence  of  an  intermediate  Mn  species 
during  the  solid-state  reaction  that  was  not  captured  by  in  situ 
HEXRD. 

To  reveal  the  detailed  reaction  pathway  for  solid-state  synthesis 
of  Li2Mn03,  factor  analysis  techniques  were  applied  to  the  in  situ 
XANES  data  to  obtain  the  absorption  spectrum  of  the  intermediate 
phase.  The  mathematical  criterion  CPV  suggests  that  three  inde¬ 
pendent  vectors  were  needed  to  describe  the  data  matrix  from  the 
in  situ  experiment  (See  Experimental  Section  for  details).  The  in  situ 
HEXRD  data  showed  that  the  reaction  started  with  MnCC>3  and 
ended  with  Li2MnC>3.  It  has  to  be  noted  that  the  CPV  criterion  to 
determine  the  dimensionality  of  the  spectral  series  (number  of 
abstract  profiles  present)  is  independent  of  the  physical  interpre¬ 
tation  based  on  HEXRD  data,  therefore,  providing  evidence  of  the 
existence  of  just  one  intermediate. 

Fig.  8a  and  b  shows  the  concentration  profiles  and  corre¬ 
sponding  absorption  spectra  of  the  three  distinguishable  chemical 
species,  which  were  calculated  by  using  EFA  and  TTFA,  with  MnCCH 
and  Li2Mn03  assigned  based  on  the  results  of  in  situ  HEXRD.  Fig.  8b 
shows  that  the  absorption  edge  of  the  intermediate  phase  is  sub¬ 
stantially  higher  than  that  of  MnCCH,  but  very  close  to  that  of 
Li2MnC>3.  The  calculated  spectrum  of  the  intermediate  phase  is 
close  to  the  measured  spectrum  of  <5-Mn02  by  Gorlin  et  al.  [42], 
Therefore,  the  intermediate  phase  was  assigned  to  Mn02.  Fig.  8a 
shows  that  the  intermediate  phase  (Mn02)  started  to  evolve  at 
about  200  °C,  when  the  concentration  of  MnCC>3  started  to 
decrease;  the  concentration  of  Mn02  reached  a  maximum  at  about 
400  °C,  when  MnCCH  completely  disappeared.  After  that,  Mn02 
reacted  with  Li2CC>3,  or  Li20  produced  by  the  decomposition  of 
Li2C03,  resulting  in  the  reducing  amounts  of  Li2CC>3  and  Mn02  and 
the  evolution  of  Li2Mn03.  When  the  temperature  was  above  600  °C, 
no  new  distinguishable  chemical  species  were  detected  by  factor 
analysis  approaches,  and  no  visible  changes  in  the  XANES  data  were 
found  (Fig.  7).  Thus,  no  major  change  in  the  local  chemical  envi¬ 
ronment  for  Mn  was  observed  during  the  sintering  process. 

4.  Conclusion 

In  situ  HEXRD  and  in  situ  XANES  were  applied  to  trace  the 
structure  and  defect  evolution  during  the  solid-state  synthesis  of 
Li2MnC>3.  The  results  indicate  that  the  solid-state  reaction  forming 
Li2MnC>3  can  be  divided  into  four  sequential  stages:  (1)  decompo¬ 
sition  of  MnCCH  and  formation  of  Mn02  within  the  temperature 
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Fig.  8.  (a)  Calculated  concentration  profiles  and  (b)  calculated  absorption  spectra  for  MnC03,  Mn02,  and  Li2Mn03  during  the  solid-state  reaction. 


window  between  200  °C  and  400  °C;  (2)  reaction  between  Mn02 
and  LbCOg  (or  U2O)  to  form  Li2Mn03;  (3)  crystallization  of  Li2Mn03 
with  a  preference  along  the  c-axis  when  the  temperature  is  above 
790  °C;  and  (4)  inter-exchange  of  cations  that  possibly  leads  to  the 
formation  of  spinel-like  structures  or  a  reduction  of  twin  bound¬ 
aries  at  above  900  °C.  These  findings  also  suggest  that  the  type  and 
the  amount  of  defects  in  Li2Mn03  can  be  actively  controlled  by  the 
synthesis  conditions  of  the  solid-state  reaction. 
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